Mesial temporal lobe epilepsy (MTLE) is
Introduction
The parafascicular nucleus (PF) of rodents, also called centromedian/parafascicular complex (CM/PF) in primates, belongs to the intralaminar system of the thalamus. Its input-output connectivity confers to this structure a key position to interfere with both cortical and basal ganglia functions. Indeed, the PF receives afferent fibers from the somatosensory and motor cortices, reticular thalamic nucleus (nRT), zona incerta, entopeduncular nucleus, substantia nigra pars reticulata (SNr), mesencephalic reticular formation, and pedunculopontine nucleus and sends glutamatergic projections to motor, somatosensory, and entorhinal cortices and to subcortical targets, such as the striatum, subthalamic nucleus, and SNr (Berendse and Groenewegen, 1991; Groenewegen and Berendse, 1994; Mouroux et al., 1995; Deschênes et al., 1996; Van der Werf et al., 2002; Smith et al., 2004) . The PF participates in cognitive (sleep wake cycle, reward mechanisms), sensory, and motor processes (Pavlides et al., 1987; Van der Werf et al., 2002; Saadé et al., 2007) as well as sensorimotor coordination (Liu et al., 2008) . Recent clinical studies showed that deep brain stimulation (DBS) of the CM/PF improves behavioral and motor processes in patients with traumatic brain injuries (Schiff et al., 2007) and has therapeutic effects in severe generalized epileptic syndromes (Velasco et al., 2000 (Velasco et al., , 2001 (Velasco et al., , 2002 (Velasco et al., , 2006 . However, its effect on epilepsies such as the mesial temporal lobe epilepsy (MTLE) has never been tested (Cendes et al., 2002) . MTLE is a focal epilepsy syndrome, with recurrent seizures mostly confined to the hippocampus and ipsilateral temporal lobe. Its is associated with a unilateral hippocampal sclerosis, characterized by an extensive neuronal loss in the CA1 and CA3 regions and the hilus of the dentate gyrus, a reactive gliosis, and strong neuroplasticity (Engel, 1996; Wieser, 2004) . Most patients with MTLE become resistant to antiepileptic drugs (Engel, 1996; Cendes et al., 2002) , and surgical resection of the sclerotic temporal lobe has become an alternative therapy (Ojemann, 1987; Chabardès et al., 2005) .
Here, we test the hypothesis that the PF could control focal epileptic seizures, using a recently characterized mouse model of MTLE. In this model, unilateral intrahippocampal injection of kainic acid (KA) initially induces a nonconvulsive focal status epilepticus followed by a latent period of approximately 2 weeks, during which recurrent spontaneous hippocampal paroxysmal discharges (HPDs) and hippocampal sclerosis progressively de-velop (Suzuki et al., 1995; Riban et al., 2002) . Hippocampal seizures sporadically spread to the cerebral cortex and are resistant to most antiepileptic drugs (Riban et al., 2002) . Altogether, this murine model reproduces most of electroclinical, histological, and pharmacological features of MTLE. To examine the correlated changes occurring in the networks and neurons of the PF and hippocampus during MLTE, we performed in this model in vivo local field potential (LFP) recordings as well as extracellular and intracellular recordings from the hippocampus and PF nucleus. The putative remote control of hippocampal seizures by the PF nucleus was further investigated by testing the effects of 130 Hz stimulations and pharmacological manipulations of this nucleus on the occurrence of hippocampal paroxysms.
Materials and Methods
Animals. Experiments were performed on 63 8-week-old C57BL/6 male mice (Janvier) weighing 26 -35 g, housed in individual cages with food and water ad libitum, and kept in a 12 h light/dark cycle. All animal experimentations were performed in accordance with the rules of the European Committee Council Directive of November 24, 1986 (86/609/ EEC) , and all procedures were approved by the local department of the veterinarian services for the use and care of animals (agreement #380612) as well as by the ethical committees of our institutes. All efforts were made to minimize animal suffering and reduce the number of animals used in each series of experiments.
Freely moving experiments. Mice were stereotaxically injected under general anesthesia (4% chloral hydrate in 0.9% NaCl; 10 ml/kg, i.p.) with 50 nl of a 20 mM solution of KA (Sigma) in 0.9% NaCl (i.e., 1 nmol) into the right dorsal hippocampus [anteroposterior (AP), Ϫ1.9; mediolateral (ML), Ϫ1.5; dorsoventral (DV), Ϫ2 mm] with bregma as the reference (Paxinos and Franklin, 2001 ), using a stainless-steel cannula [outer diameter (o.d.) , 0.28 mm; Cortat SA] connected to a 0.5 l microsyringe (Hamilton) via PE20 tubing filled with distilled water. Each injection was performed over 1 min using a micropump (CMA/100; Carnegie Medicin) as in previous studies (Riban et al., 2002; Heinrich et al., 2006) . At the end of the injection, the cannula was left in place for an additional 1 min period to limit reflux along the cannula track.
After intrahippocampal injection, all mice were implanted with (1) two monopolar surface electrodes placed over the left and right frontoparietal cortex for pharmacological experiments or a bipolar electrode within the right frontal sensorimotor cortex (AP, ϩ1.4; ML, Ϫ1.6; DV, Ϫ2 mm from bregma) for signal analysis; (2) a monopolar electrode placed over the cerebellum (reference electrode); and (3) a bipolar electrode inserted into the injected hippocampus. The electrodes were made of stainless-steel wire isolated by polyester (diameter, 0.125 mm; FE245840; Goodfellow). They were inserted in the skull above the cortex and the cerebellum. The bipolar electrode was formed of two twisted polyester insulated stainless-steel wires. It was aimed at the right hippocampus with the same coordinates as for the injection site.
For recordings or stimulations within the PF, mice were implanted bilaterally with bipolar electrodes (AP, Ϫ2.3; ML, Ϯ 0.6; DV, Ϫ3.7 mm from bregma). For local drug applications, they were implanted with stainless-steel injection guide cannulae (o.d., 0.40 mm; inner diameter, 0.3 mm; Phymep; AP, Ϫ2.3; ML, Ϯ0.6; DV, Ϫ2.6 mm from bregma). These guide cannulae were positioned 1.1 mm above the target areas. Stainless-steel stylets (o.d., 0.27 mm; Cortat) were inserted into the guide cannulae to keep their patency. All of the electrodes were soldered to a female microconnector (BLR150Z; Fischer Elektronik) fixed to the skull by cyanolytic glue and dental acrylic cement. Animals were allowed a week for recovery after surgery.
In vivo extracellular and intracellular recording experiments. Extracellular (single-unit) and intracellular recordings were performed in vivo from 10 adult (12-16 weeks old) C57BL/6 male mice, 4 weeks after they received an intrahippocampal injection of KA. Animals were initially anesthetized with chloral hydrate (4% chloral hydrate in 9% NaCl; 10 ml/kg, i.p.). A cannula was then inserted into the trachea, and the animal was placed in a stereotaxic frame. Wounds and pressure points were repeatedly (every 2 h) infiltrated with lidocaine (2%). Once the surgical procedures had been completed (see below), mice were maintained in a narcotized and sedated state by injections of fentanyl (3 g ⅐ kg Ϫ1 , i.p.; Janssen-Cilag) and haloperidol (600 g ⅐ kg Ϫ1 , i.p.; Janssen-Cilag) repeated every 20 -30 min (Charpier et al. 1999; Slaght et al., 2002) . To obtain long-lasting stable intracellular recordings, mice were immobilized with D-tubocurarine (0.2 mg, i.p., every hour; Sigma) and artificially ventilated. The degree of anesthesia was assessed by continuously monitoring the LFPs and heart rate, and additional doses of fentanyl, haloperidol, and D-tubocurarine were administrated at the slightest change toward an awaked pattern. Body temperature was maintained (36.5-37.5°C) with a homeothermic blanket. At the end of the experiments, animals received an overdose of sodium pentobarbital (60 mg/kg, i.p.; Dolethal; Centravet).
Electrophysiological recordings and analysis. For standard LFP recordings, animals were placed in Plexiglas boxes (14 ϫ 14 ϫ 24.5 cm) for habituation at least 1 h before recordings. LFPs were recorded in awake freely moving animals using a digital acquisition system (Coherence 3NT; Deltamed) with a sampling rate of 256 Hz and analog bandpass filtering between 1 and 90 Hz. Each animal was recorded at regular intervals (three times/week) for 1 month after KA injection to monitor the progressive development of HPDs (i.e., epileptogenesis) and their stabilization and recurrence (i.e., chronic phase) as described previously (Riban et al., 2002) . Only animals showing reproducible and recurrent HPDs were used in this study.
For the quantification of seizure reproducibility, the number, mean, and cumulative duration of hippocampal discharges were measured every week during three 20 min periods and then averaged. For local drug applications, the number, mean, and cumulative duration of hippocampal discharges were measured during three and six 20 min periods before and after local drug application, respectively. For PF electrical stimulation experiments, animals were recorded for 1 h before the stimulation sessions. During the recording and stimulation sessions, the mice were continuously watched to detect changes in their behavior.
Mice were directly connected to a miniature headstage preamplifier (MPA8I; Multi Channel Systems), and signals were amplified, filtered (2000ϫ, bandpass 1 Hz to 5 kHz; FA32I; Multi Channel Systems), and stored to hard disk (16 bit analog-to-digital converter; 2 kHz sampling frequency; CED Power1401; Cambridge Electronic Design) using the Spike2 software.
Time-frequency analysis of 36 HPDs and concomitant right PF and sensorimotor cortex activity collected in six freely moving mice was performed using an in-house developed toolbox for dynamical analysis of intracerebral LFP. The amplitude (square root of power) of oscillatory activity between 1 and 60 Hz was obtained using standard time-frequency analysis based on the Morlet wavelet transform (Le Van Quyen et al., 2001) . The first and last spikes of each discharge were used to define its onset and termination, respectively. The time window of analysis of each discharge was defined to contain 6 s before HPDs onset and after HPDs termination. For each frequency, the amplitude was computed on seven periods length sliding time window, providing an effective frequency-specific time resolution. Time-frequency sampling of the time-frequency plane was 50 ms/1 Hz. Time-frequency data were normalized using the standard procedure: for each frequency, the mean of the baseline was subtracted to the data and then demeaned data were divided by the standard deviation of the baseline. Baseline was defined as the 4 s preceding each HPD. Finally, the typical time-frequency pattern of recorded HPDs was defined as the median value over HPDs of the normalized time-frequency charts computed as such. Before median averaging, time-frequency charts were resampled linearly on an arbitrary time scale to normalize HPD duration.
Neurons from the hippocampus, presumably located within the CA1 region, were recorded within 1 mm of the LFP electrode at the following coordinates: 2.3 mm posterior to the bregma, 0.6 mm lateral to the midline, and 1.5-2 mm under the cortical surface. Intracellular and extracellular recordings of thalamic neurons were made from the same region of the PF nucleus ipsilateral to the injected hippocampus at the following stereotaxic coordinates: 2.3 mm posterior to the bregma, 0.6 mm lateral to the midline, and 2.75-3.75 mm ventral to the brain surface. The re-corded thalamic cells were subsequently confirmed as PF neurons after examination of their morphology and their localization (see below). In all experiments, the intracellular or single-unit extracellular recordings were simultaneously performed with the corresponding ipsilateral hippocampal LFP.
Intracellular recordings were obtained with glass micropipettes filled with 2 M potassium acetate (50 -70 M⍀), and the reference electrode was placed in a muscle at the opposite side of the head. For single-unit extracellular recordings and juxtacellular labeling (see below), glass electrodes were filled with 0.5 M NaCl and 1.7% neurobiotin (10 -20 M⍀; Vector Laboratories).
Intracellular recordings were obtained under current-clamp conditions using the active bridge mode of an Axoclamp-2B amplifier (Molecular Devices). Data were digitized with a sampling rate of 10 kHz (intracellular and extracellular signals) or 1 kHz (LFP) for off-line analysis. Measurements of apparent membrane input resistance and time constant were based on the linear electrical cable theory applied to an idealized isopotential neuron (Rall, 1969) . Membrane input resistance was assessed by measurement of the mean (n Ն 10) membrane potential change at the end of hyperpolarizing current pulses of Ϫ0.4 nA (200 ms duration, applied every 1.25 s), and the membrane time constant was the time taken for the membrane potential to reach 63% of its final value. Average membrane potential of hippocampal and thalamic neurons was determined from the average membrane potential of all interictal periods. When a tip potential was recorded after termination of the intracellular recording, the membrane potential values were corrected accordingly. The amplitude of action potentials was calculated as the potential difference between their voltage threshold, measured as the membrane potential at which the dV/dt exceeded 10 V s Ϫ1 (Mahon et al., 2003) , and the peak of the spike waveform. Numerical values are given as means Ϯ SD unless stated otherwise.
Cumulative histograms of the binned action potential discharge of extracellularly recorded neurons were performed by first encoding in time the position of the peak of LFP spikes and action potentials in two separate channels using the memory buffer function and then using the "stimulus histogram" function of the Spike 2 software (CED Software; Cambridge Electronic Design).
Morphological identification of recorded PF neurons. Extracellularly recorded neurons were labeled by juxtacellular injection of neurobiotin (Pinault, 1996) . Briefly, positive current pulses (1-8 nA; 200 ms) were applied at a frequency of 2.5 Hz through the bridge circuit of the amplifier. The current was slowly increased while the electrode was advanced toward the neuron in 1 m steps (LSS-1000 Inchworm motor positioning system; Burleigh Instruments) until the cell discharge was driven by the injected current. Current pulses were applied for a 10 -30 min period to obtain a reliable labeling of neuronal processes. At 1-2 h after the injection, the animal received a lethal dose of pentobarbital and was perfused via the ascending aorta with 200 ml of 0.3% glutaraldehyde and 4% paraformaldehyde in phosphate buffer (PB), 0.1 M, pH 7.4. Brains were postfixed for 2 h in the same fixative solution without glutaraldehyde and then immersed in 30% sucrose PB at 4°C until sectioning. Frozen sections of fixed brains were cut at 50 -70 m in the frontal plane and serially collected in PB. After several rinses in PB, neurobiotin was revealed by incubation of the sections in the avidin-biotin peroxidase complex (1:100; Vector Laboratories) in PB containing 0.3% Triton X-100 for at least 12 h at 4°C. Incubated sections where washed in PB (two times for 10 min) before immersion in a solution containing 0.005% 3,3Ј-diaminobenzidine tetrahydrochloride (Sigma), 0.4% nickel-ammonium sulfate, and 0.0006% H 2 O 2 . After several washes in PB, sections were mounted on gelatin-coated slides, counterstained with safarin, and dehydrated through alcohol to xylene for light microscopic examination. The location of labeled neurons within the PF thalamic nucleus was confirmed using the atlas of Paxinos and Franklin (2001) .
Intracerebral electrical stimulations. All stimulations were performed with a Grass S88H stimulator (Grass Technologies) delivering square current pulses of constant current. Before starting each stimulation session, a period of 1 h was allowed for habituation of the animals to the test cage. Thereafter, the animals, equipped with bipolar intra-PF electrodes, received a 5 s electrical stimulation applied within the first 2 s of an HPD onset. The parameters used (frequency, 130 Hz; monophasic mode, pulse width, 60 s) were determined according to previous stimulation studies of other structures (e.g., SNr, subthalamic nucleus) showing suppressive effects on epileptic seizures (Vercueil et al., 1998; Velísek et al., 2002; Deransart and Depaulis, 2004; Feddersen et al., 2007) . Additional trials were made with 20 Hz stimulations. The stimulation intensity was progressively increased from 5 to 150 A by 5 A steps, with at least a 1 min interval between two stimulations, until the observation of (1) HPD interruption, defined as the return to baseline of hippocampus activity within 2 s after stimulation onset for at least 15 s (antiepileptic threshold), (2) antiepileptic threshold associated with a slight head and/or trunk straightening without paw repositioning (behavioral threshold), or (3) behavioral threshold associated with paw repositioning and/or clonus of the limbs or contralateral whole body turning around the axis (motor threshold) (Deransart and Depaulis, 2004) . These changes in behavior were measured by continuous observation of the animal by the experimenter. Such thresholds were determined for different modes of stimulation (referential vs bipolar; unilateral vs bilateral).
Intraparafascicular drug applications. D-( E)-2-amino-4-methyl-5
-phosphono-3-pentanoic acid (CGP40116; Ciba Geigy), NMDA (Sigma), muscimol (5-aminomethyl-3-hydroxyisoxazole; Sigma), and picrotoxin (Sigma) were dissolved in NaCl 0.9%, aliquoted, and kept frozen at Ϫ80°C.
After a 60 min reference period of LFPs recording, animals were gently handled and received within 1 min a bilateral injection of (1) 2 or 4 pmol (10 or 20 M) of CGP40116, a competitive inhibitor of NMDA glutamatergic receptors; (2) 17.5 or 35 pmol of muscimol, a GABA A receptors agonist; (3) 5 or 10 pmol of NMDA, the glutamatergic NMDA receptors agonist; or (4) 2.5 or 5 pmol of picrotoxin, a GABA A receptors antagonist, in a volume of 200 nl per side. These compounds and the doses used were determined according to previous studies in other animal models of epilepsy (Deransart et al., 1996 (Deransart et al., , 1999 Nail-Boucherie et al., 2005) . Since HPD generally occurs when animals are in a state of quiet wakefulness, we used only low doses of drugs to avoid behavioral side effects, like awakening, that may have artificially decreased the occurrence of HPDs. Injection cannulae (o.d., 0.28 mm) were connected to a 10 l Hamilton microsyringe moved by a micropump (CMA/100; Carnegie Medicin). Each animal received the drug and the vehicle (NaCl 0.9%) according to a Latin-square design with at least 48 h between two injections. Each mouse was thus used as its own control and was injected a maximum of four times. LFP activity was then recorded for 120 min. The animals were continuously watched to detect any behavioral effects induced by the drug injection.
Effects of pharmacological injections on spontaneous LFPs recorded in the cortex and hippocampus were evaluated with the amplitude spectrum of the fast Fourier transform computed on 6 s time windows of interictal activity taken every 20 min before and after injection.
Histology. After completion of each freely moving experiment, the animals were killed with an overdose of pentobarbital (60 mg/kg, i.p.; Dolethal; Centravet) and their brains were removed, frozen, and cut in 20 m coronal sections. These sections were stained with cresyl violet and each recording, stimulation, or injection site was localized with reference to the atlas of Paxinos and Franklin (2001) . Only data from animals with (1) correct location of the hippocampal electrode, (2) correct histological feature in the injected hippocampus (Riban et al., 2002) , and (3) injection or stimulation sites located within the boundaries of the PF were kept in statistical analyses.
Statistics. For the follow-up of HPD stability, data were expressed as mean Ϯ SEM of cumulative duration, mean duration, and number of HPDs per 20 min period. The data collected at different weeks after KA injection were compared using a nonparametric ANOVA for related samples (Friedman test). Paired comparisons between two time points were done using a nonparametric test for related samples (Wilcoxon test) (Siegel, 1956) .
For deep brain stimulation experiments, thresholds were expressed as mean Ϯ SEM and were compared using the nonparametric tests of Kruskal-Wallis and Mann-Whitney when independent groups were concerned (localization study, comparisons between modes of stimulation) or the nonparametric tests of Friedman and Wilcoxon for related samples (comparisons between parameters of stimulations, comparison between periods).
For local drug application experiments, data were expressed as mean Ϯ SEM of percentage of cumulative duration, mean duration, and number of HPDs per 20 min period, compared with vehicle condition (NaCl, 100%). Within each period, the means between test conditions were compared using a nonparametric ANOVA (Friedman test). Then, paired comparisons versus control conditions (vehicle only) were performed using a nonparametric test for related samples (Wilcoxon test).
Statistical analysis was performed with SigmaStat 3.0 (SPSS). The significance level for all statistical analysis was set at p Ͻ 0.05.
Results
Correlated changes in hippocampus, PF nucleus, and sensorimotor cortex local field potentials during hippocampal paroxysmal discharges Recurrent HPDs ( Fig. 1 A) were observed in the ipsilateral hippocampus 2 weeks after KA injection and were recorded thereafter during the 6 week duration of the study. These discharges generally occurred at rest and were associated with behavioral arrest and/or mild facial automatisms as described previously (Riban et al., 2002; Heinrich et al., 2006; Meier et al., 2007) . In between HPDs, isolated spikes or bursts of three to four spikes were observed in the hippocampus. Only occasionally, a propagation of the paroxystic activity to the cerebral cortex, leading to a generalized clonic seizure, was recorded. The stability of HPD was first assessed in nine mice from 2 to 7 weeks after KA injection using the mean and cumulated duration as well as the number of HPDs by 20 min periods. These variables were found very stable over the 6 weeks, with no significant statistical differences (Table 1) .
We performed time-frequency power analysis ( Fig. 1) of LFPs recorded in the hippocampus, PF nucleus, and sensorimotor cortex of freely moving mice displaying established recurrent HPD (n ϭ 36 HPDs from 6 mice; 28 Ϯ 5 d after KA injection) (Fig. 1 A) . Oscillatory hippocampal activities were mostly below 40 Hz (Fig. 1 B) with two distinct time-dependent behaviors: (1) hippocampal LFP power drastically increased in the 2-10 Hz frequency band at the beginning of the HPD and then progressively decreased, and (2) a weaker increase of power was also observed between 20 and 40 Hz, which was maintained throughout the HPD (Fig. 1 B top left map, C) . In the PF (n ϭ 36 HPDs from 6 mice) and the sensorimotor cortex (n ϭ 28 HPDs from 3 mice), a progressive increase of synchronous oscillatory activity was detected between 5 and 20 Hz (Fig. 1 B, C) . The power averaged in this frequency band reached its maximum value in the PF just after termination of the HPD (Fig. 1C) . This increase of synchronous oscillatory activity was then further analyzed ( Fig. 1 B, right maps) , and a transient increase in the 10 -20 Hz band was found to occur during the last second of the HPD. Such dynamic changes in LFP activity were not observed in the hippocampus.
These data show that although no paroxysmal-like activity was found in the PF during HPD, the specific electrical changes observed in this structure suggests a functional link between PF and hippocampus during HPD.
Intracellular activities of hippocampal neurons during spontaneous HPD in vivo
To further understand the relationships between hippocampal and PF neuronal activity, we determined the neuronal substrate of HPD by simultaneously recording hippocampal LFPs and in- , and sensimotor cortex (bottom) during a spontaneous HPD occurring in a freely moving mouse. B, Left, Median average over seizures of LFP power in the time-frequency plane (n ϭ 36 intra-PF and hippocampal LFPs from 6 mice; n ϭ 28 cortical LFPs from 3 mice). It was possible to derive a standard pattern of power during a HPDs by normalizing the time axis of the time-frequency representation before median averaging (correspondence of start and end of HPDs was assumed; white lines). Note in the PF the increase of the power in the 5 and 20 Hz bands during HPD. Right, Analysis of LFPs 3 s before and after HPD termination (vertical line corresponding to the last spike of the HPD) revealed an increase in 10 -20 Hz synchronous oscillatory activity of the PF nucleus and sensorimotor cortex within the second before HPD termination. The color scale indicates the increase (shades of red) or decrease (shades of blue) of power expressed in standard deviations of baseline activity taken during the 5 s before HPD onset. C, Time series of LFP power averaged between 5 and 20 Hz for hippocampal (Hipp; blue), parafascicular (green), and cortical (Cx; red) LFPs. Note the progressive increase in time of the PF LFP power leading to a maximum at the HPD termination. tracellular activities. Recorded hippocampal neurons were located in the CA1 region of the epileptic hippocampus in the vicinity (1 mm) of the KA injection site. These neurons had electrical membrane properties and intrinsic firing patterns similar to those described previously from CA1 pyramidal neurons recorded from normal rats in vivo (Henze and Buzsáki, 2001 ) and KA-treated mice in vitro (Le Duigou et al. 2008 ). Their action potential had an amplitude of 63.5 Ϯ 4.5 mV (n ϭ 8 cells), a duration of 1.3 Ϯ 0.5 ms (n ϭ 8 cells), and a voltage threshold of Ϫ51.6 Ϯ 7.1 mV (n ϭ 8 cells), and was followed by a highamplitude afterhyperpolarization (10.6 Ϯ 7.4 mV; n ϭ 8 cells) (Fig. 2 A) . Membrane input resistance and membrane time constant were 31.1 Ϯ 14.8 M⍀ and 3.9 Ϯ 2.4 ms, respectively (n ϭ 8 cells) (Fig. 2 A) . In response to injection of suprathreshold current pulses, hippocampal cells discharged repetitively with a tonic and regular firing pattern (Fig. 2 A) .
In absence of paroxysmal activity in the corresponding LFP, hippocampal neurons were highly polarized, with a mean membrane potential of Ϫ78.1 Ϯ 9.6 mV (n ϭ 8 cells), and displayed small-amplitude bursts of depolarizing postsynaptic potentials (dPSPs) that remained, in the vast majority of the cells (seven of eight), subthreshold for action potential generation (Fig. 2 B 1 , arrow). The remaining neuron showed a moderate background spontaneous firing of 1.76 Hz.
The occurrence of interictal-like activities, which consisted of single or short clusters (two to five paroxysmal events) of highvoltage sharp waves as described previously (Riban et al., 2002) , was coincident in hippocampal cells with an increase in both duration and amplitude of the grouped dPSPs ( Fig. 2 B 1 , crossed arrow). A progressive temporal summation (lasting 0.5-1 s) of these interictal excitatory synaptic events ( Fig. 2 B 2 , arrow) could eventually lead to a sustained depolarization (up to 33.7 Ϯ 9.2 mV; n ϭ 126 interictal events from 8 cells) generating bursts of action potentials (13.4 Ϯ 5.3 action potentials; n ϭ 126 interictal events from 8 cells) (Fig. 2B 2 ) . These paroxysmal depolarizing shifts slowly decayed within 3.3 Ϯ 1.5 s (n ϭ 126 interictal events, 8 cells). HPDs were characterized in the LFP by the repetition of high-voltage biphasic sharp waves (44.0 Ϯ 14.4 waves; n ϭ 58 HPDs from 8 cells) (Fig. 2C,D) lasting 16.9 Ϯ 7.6 s and having an interval frequency (2.9 Ϯ 1.3 Hz) similar to that calculated from behaving KA-treated mice (see Table 1 ). Contrasting with the interictal discharges, the start of HPDs was concomitant with an abrupt (Fig. 2C , inset) and large (33.6 Ϯ 8.2 mV; n ϭ 58 HPDs from 8 cells) depolarization, arising from a relatively quiescent membrane potential and causing a burst of action potentials (Fig. 2C,D) . This initial ictal neuronal event was followed by a sustained membrane depolarization of 19.2 Ϯ 6.9 mV (n ϭ 58 HPDs from 8 cells), which was maintained throughout the HPDs (Fig. 2C,D) . This prolonged depolarization was mostly crowned by repeated sharp depolarizing potentials, which occurred from the decay phase of the preceding one and generated a cluster of action potentials (4.0 Ϯ 1.8 action potentials; n ϭ 58 epileptic HPDs from 8 cells). At the end of the HPDs, hippocampal neurons slowly repolarized, within 6.3 Ϯ 3.6 s (n ϭ 58 HPDs from 8 cells), toward their interictal membrane potential.
These findings provide, to our knowledge, the first in vivo intracellular description of the interictal and ictal events occurring in the hippocampus of a mouse model of MTLE.
Intracellular activity of PF neurons during HPD
To investigate the functional coupling between hippocampus and thalamic PF nucleus during HPD, we performed in vivo intracellular recordings of PF neurons simultaneously with LFP activities in the ipsilateral CA1 region. The five recorded neurons, from five different mice, had an average membrane resistance of 29.7 Ϯ 9.3 M⍀ and a membrane time constant of 10.5 Ϯ 3.7 ms (Fig. 3A) . Their action potentials had an amplitude of 58.1 Ϯ 6.8 mV and a duration of 0.9 Ϯ 0.3 ms, and were followed by an afterhyperpolarization of large amplitude (9.2 Ϯ 4.4 mV) (Fig.  3A) . When applied from the resting potential, suprathreshold current pulses elicited sustained tonic firing (Fig. 3A 1 ) . Moreover, the injection of negative current pulses was immediately followed by a postanodal excitation, likely caused by a lowthreshold calcium potential (Fig. 3A 2 , top) generating a burst of action potentials (Fig. 3A 1 ,A 2 ) , and/or induced a sag potential (Fig.  3A 2 , bottom) , likely caused by a hyperpolarization-activated inward cationic current. Altogether, these electrical membrane properties were consistent with those classically described in thalamocortical cells (Jahnsen and Llinás, 1984) .
During interictal periods, the intracellular activity of PF neurons was characterized by a sustained barrage of highfrequency, small-amplitude, depolarizing synaptic potentials corresponding to a mean membrane potential of Ϫ58.5 Ϯ 3.8 mV (n ϭ 161 interictal periods from 5 neurons). This background synaptic activity caused an irregular discharge of action potentials, with a mean frequency of 7.9 Ϯ 7.0 Hz (n ϭ 5 neurons) (Fig. 3 B, C) .
The intracellular activity of PF neurons (n ϭ 3) was clearly affected by the occurrence of HPDs. The onset of hippocampal paroxysms was correlated with a slight hyperpolarization of PF neurons (Ϫ1.1 Ϯ 0.5 mV; n ϭ 27 from three cells) and a transient decrease in the mean firing rate by 30.5 Ϯ 10.5% (n ϭ 27 from three cells) (Fig. 3 B, C) , which could lead to a complete interruption in cell discharge. A striking finding was the robust increase in PF neurons firing that coincided with the termination of HPDs (Fig. 3 B, C ). This sustained excitation had a duration of 3.0 Ϯ 1.8 s (n ϭ 27 from three cells) and resulted in a mean firing rate of 17.7 Ϯ 9.5 Hz (Fig. 3 B, C) . Similar exacerbated activities in PF neurons could be also observed immediately after interictal discharges in the hippocampal LFPs (result not shown). Continuous injection of negative DC currents (n ϭ 3 cells, three animals) revealed that these discharges in PF neurons at the end of the seizure were attributable to a sustained membrane depolarization sculpted by the temporal summation of high-frequency dPSPs (Fig. 3D) .
These data confirm and extend the correlated changes found in the thalamic LFPs as a function of the different phases of the HPDs, and further indicate a mirror-like firing activity in hippocampal and thalamic cells. . A 2 , In these two other PF cells, the current-induced hyperpolarization was clearly followed by a robust postanodal excitation, reminiscent of a low-threshold calcium potential, crowned by a burst of sodium spikes. A sag potential, likely caused by the hyperpolarizationactivated inward cationic current, could also detected in some cells (bottom, arrow). B, C, Disruption of the spontaneous intracellular activity of PF neurons (bottom trace) during paroxysmal activity in the ipsilateral hippocampal (Hipp.) LFP (top trace). B, The thalamic cell was slightly hyperpolarized during the epileptic episode, and its firing was transiently interrupted. A prolonged train of action potentials promptly followed the HPD. C, In this other neuron, the firing rate was decreased during the HPD and then dramatically augmented at the termination of hippocampal paroxysms (dashed boxes). D, The excitatory postictal rebound in PF neurons resulted from summed dPSPs. At the end of the HPD (top), the thalamic neuron, which was hyperpolarized by DC current injection (Ϫ1.0 nA; middle trace), displayed a sustained membrane depolarization. As shown by the expansion of the record segment (bottom) indicated by the asterisk, the excitatory rebound resulted from the temporal summation of individual dPSPs (oblique lines). Arrowheads indicate the mean interictal membrane potential.
Extracellular activity of PF neurons during HPDs
To further extend the statistical analysis of the functional relationships between hippocampus and PF nucleus during HPDs, we then recorded the spontaneous activity of PF neurons in KAtreated mice by extracellular recordings of 30 single units from seven mice. Recorded cells, which were morphologically identified by juxtacellular injection of neurobiotin (see Materials and Methods), were located within the PF nucleus (Fig. 4 A 1 ) . We could discriminate two populations of PF cells according to their distinctive patterns of electrical activity which were affected, or not, by the occurrence of HPDs. However, all PF neurons showed an arrhythmic spontaneous spike activity (2.9 Ϯ 0.53 Hz) during the interictal periods (Fig. 4 A 2 ,A 3 ) .
The first subpopulation of PF cells (Fig. 4 A 2 ) (n ϭ 19) , the activity of which was changed during HPDs, had a mean firing frequency during interictal periods of 3.04 Ϯ 0.77 Hz (from 0.1 to 9.48 Hz). During interictal clusters of isolated spikes (interictal discharges) (Fig. 4 B 1 ,B 2 ) and HPDs (Fig. 4 B 3 ,B 4 ) , the firing rate of this set of thalamic neurons decreased, reaching the mean values of 2.4 Ϯ 0.6 Hz (range, 0 -4.89 Hz; n ϭ 375 interictal clusters of isolated spikes) and 1.44 Ϯ 0.28 Hz (range, 0 -4.2 Hz; n ϭ 131 HPDs), respectively. The transition between interictal clusters of isolated spikes or HPDs and postictal periods was characterized in these PF cells by a drastic increase in their firing rate (Fig. 4 B 2 ,B 4 ) , the end of hippocampal paroxysms being concomitant with an abrupt and transient excitation of these neurons. Before this increase of firing rate, the mean discharge frequency of PF thalamic cells during hippocampal paroxysmal events was 2.5 Ϯ 0.26 Hz, whereas the rebound of excitation had a mean frequency of 11 Ϯ 0.68 Hz and lasted 2.02 Ϯ 0.12 s (n ϭ 102 interictal clusters of isolated spikes and HPDs, 19 cells). This increase in the firing rate of PF cells concomitant with the end of hippocampal events was statistically significant ( p Ͻ 0.001; Mann-Whitney rank sum test).
The second category of PF cells (n ϭ 11), which were also located within the boundaries of the PF nucleus, did not show any significant change in their firing rate between ictal and interictal periods (interictal mean frequency, 2 Ϯ 0.63 Hz; range, 0.084 -6.58 Hz; mean frequency during clusters of isolated spikes, 2.53 Ϯ 0.8 Hz; range, 0.054 -8.88 Hz; mean frequency during HPDs, 3 Ϯ 0.85 Hz; range, 0.86 -7.34 Hz; n ϭ 11 cells).
We found no correlation between the firing pattern and the morphology of the PF neurons.
Finally, 13 neurons located outside the PF (e.g., ventral posteromedial, centrolateral, or posterior thalamic nuclei) were recorded in the same conditions, and their firing patterns did not show any detectable correlation with hippocampal LFP and were not modified by the occurrence of HPDs (interictal mean frequency, 3.25 Ϯ 1.15 Hz; range, 0.031-13.6 Hz; mean frequency during clusters of isolated spikes, 3.83 Ϯ 1.3 Hz; range, 0.67-15.1 Hz; mean frequency during HPDs, 2.75 Ϯ 0.85 Hz; range, 0.62-9.4 Hz; n ϭ 13 cells). Altogether, our intracellular and extracellular recordings from the PF demonstrate that the firing pattern of most of PF neurons is drastically modified by the occurrence of HPDs.
Suppressive effect of high-frequency stimulation of the PF nucleus
To test the hypothesis of a role of the PF in the control of HPDs, we then examined the effects of high-frequency stimulation (HFS) of this structure. Such stimulations are now commonly used for DBS in human patients and are suggested to result in an overall suppression of the local neuronal activity (McIntyre et al., 2004) , although this effect is very much debated (Gradinaru et al., 2009) . In this experiment, we tested single ipsilateral, contralateral, or bilateral 5 s stimulations of the PF using either monophasic and bipolar modes (frequency, 130 Hz; pulse width, 60 s) in 18 mice. In a few mice, the effects of lower frequency (20 Hz) were also tested to mimic the behavior of PF neurons observed at termination of HPDs.
Ipsilateral stimulations
In nine animals with both electrode tips located within the ipsilateral PF nucleus, bipolar stimulations interrupted the ongoing HPDs at a mean threshold of 25 Ϯ 1.9 A. The antiepileptic and behavioral thresholds were significantly lower than the motor threshold (73 and 65% decreases, respectively; p ϭ 0.004; Wilcoxon test) (Fig. 5A) . A slight but not significant difference was observed between antiepileptic and behavioral thresholds ( p ϭ 0.25; Wilcoxon test). Furthermore, timefrequency analysis revealed that ipsilateral 130 Hz stimulations of the PF at the antiepileptic threshold suppressed all oscillatory activities between 0 and 20 Hz at the hippocampal and cortical levels (Fig. 5C) .
When a referential mode was used (monopolar stimulation with one PF electrode as the cathode and the reference electrode over the cerebellum as the anode), the thresholds were slightly increased (ϳ6%), although no significant differences were observed (results not shown).
To investigate the specificity of the PF as a target for deep brain stimulation, we compared the thresholds for ipsilateral bipolar stimulations between sites located within the ipsilateral PF (in sites, n ϭ 9) and adjacent regions (out sites, n ϭ 6; namely, the posterior thalamic nuclei group, the ventral anterior pretectal nucleus, the dorsal anterior pretectal nucleus, and the periventricular fiber system) (Fig. 5D) . The thresholds for antiepileptic, behavioral, and motor effects were significantly lower when stimulations were applied within the PF region ( p ϭ 0.013, 0.016, and 0.013, respectively; Mann-Whitney test) (Fig. 5 B, D) . The possibility to interrupt HPDs by stimulations of adjacent regions, although with higher current intensities, could account for spreading phenomenons as well as the involvement of other putative neuronal networks. Similarly to intracerebral pharmacological manipulations, such a gradient effect could also be observed when stimulations were applied to other structures (Feddersen et al., 2007) .
Then we tested the effect of 20 Hz stimulations, which corresponds to the mean firing rate of PF neurons during the rebound of excitation observed at the end of HPDs. In two mice equipped with bipolar electrodes in the ipsilateral PF, 20 Hz stimulation did not interrupt ongoing HPDs, whatever the amount of current applied (up to 150 A). However, transient interruptions of HPDs were observed, which lasted the duration of the stimulation (results not shown). This suggests that 20 Hz stimulation of the PF interferes with HPDs without terminating them.
Contralateral and bilateral stimulations
Contralateral stimulations of the PF also interrupted ongoing HPDs (n ϭ 9 mice) with a mean antiepileptic threshold of 35 Ϯ 3.2 A and higher behavioral (ϩ10%; p ϭ 0.25) and motor thresholds (ϩ95%; p ϭ 0.004; Wilcoxon test). All of these thresholds were significantly higher than for ipsilateral stimulations (antiepileptic, p ϭ 0.03; behavioral, p ϭ 0.006; motor, p ϭ 0.001; Mann-Whitney test) (Fig. 5A) . When bilateral stimulations were applied (n ϭ 4 mice), bipolar 130 Hz stimulation interrupted HPDs with threshold values that were similar to ipsilateral stimulations ( p ϭ 0.12) and significantly lower than contralateral stimulations ( p ϭ 0.017) (Fig. 5A) .
Effects of PF glutamatergic neurotransmission modulation on HPDs
The PF receives strong glutamatergic inputs mainly arising from the sensorimotor cortex. To determine the potential role of this glutamatergic neurotransmission on the PF, the effects of (1) blockade and (2) potentiation of NMDA-mediated glutamatergic neurotransmission on the occurrence of HPDs were examined by local application of CGP40116 (n ϭ 8 mice) or NMDA (n ϭ 9 mice), respectively.
Bilateral intra-PF injection of CGP40116 (2 and 4 pmol per side) significantly suppressed the number of HPDs (data not shown) and their cumulated duration for up to 100 min at the highest dose (Fig. 6 A) , compared with the vehicle condition. During the first 40 min after injection, the number and cumulated duration of HPDs were decreased by Ͼ95%, compared with vehicle (NaCl injection, 100%) (Fig. 6 A) . Ictal activity then returned to baseline (Fig. 6 A, reference periods Ref1, Ref2, and Ref3) within 2 h. Moreover, the latency for the reoccurrence of HPDs after drug injection was significantly increased at 2 or 4 pmol per side in a dose-dependent way (Fig. 6 B) . At either dose, the interictal activity in the hippocampus or in the cortex during the 0 -20 and 20 -40 min periods after injection was not altered as indicated by the stability of the shape of the LFP amplitude spectrum between before and after injection periods (supplemental Fig. S1A , available at www.jneurosci.org as supplemental material).
In addition, the suppressive effects on HPDs were observed only when injections were performed inside the PF (Fig. 6 D, black dots, tips of injection cannulae). In three additional animals injected outside the PF (namely, the dorsal anterior pretectal nucleus, deep mesencephalic nucleus, and ventral tegmental area), no significant effects on HPD suppression or reoccurrence latency (16 Ϯ 4 min outside the PF vs 48 Ϯ 6 min inside the PF at 4 pmol/side) were observed (Fig. 6 B, D, open triangles) .
Finally, at the doses used, no behavioral effects were observed: mice remained quiet in their test cage and explored their environment or groomed. In two mice injected with a higher dose (8 pmol/side), suppression of HPDs was observed, along with prostrations beginning within the first minutes after the injection and lasting for up to 60 min (results not shown).
By contrast, bilateral intra-PF injection of NMDA significantly increased by 100 and 202%, respectively, the number (data not shown) and cumulative duration of HPDs during the first 20 min after injection of the lowest dose (5 pmol/side) compared with vehicle injection (NaCl, 100%) (Fig. 6 A) . This worsening effect was mostly over (19 and 36%, respectively) 40 min after injection and back to the baseline level, at 60 min after injection (Fig. 6 A) . No effects on the mean duration of HPDs were observed (data not shown). At this dose, no behavioral or motor side effects were observed at any time. At the highest dose of NMDA (10 pmol/side), behavioral side effects such as sniffing or exploring behaviors that clearly interfered with the occurrence of HPDs were observed. Nonetheless, the latency of reoccurrence of the first HPDs after drug injection significantly decreased after injection of both 5 and 10 pmol per side, compared with NaCl (Fig. 6C) . However, no generalizations of the HPDs by spreading to the cortex were ever observed.
In five additional animals injected outside the boundaries of the PF (namely, the ventromedial thalamic nucleus, mediodorsal thalamic nucleus, dorsal anterior pretectal nucleus, superior cerebellar peduncle, and posterior thalamic nuclei group), no significant ef- fects on HPD suppression or reoccurrence latency (14 Ϯ 3 min outside vs 4 Ϯ 1 min inside at 5 pmol/side) were observed (Fig. 6C) .
Effects of PF GABAergic neurotransmission modulation on HPDs
To determine the potential role of GABAergic neurotransmission from the basal ganglia structures (mainly the SNr) on the PF neurons, the effects of (1) potentiation and (2) blockade of GABA A -mediated neurotransmission were examined by local applications of muscimol (n ϭ 8) or picrotoxin (n ϭ 8), respectively.
Bilateral intra-PF injection of muscimol (17.5 and 35 pmol per side) significantly suppressed the number of HPDs (data not shown) and their cumulated duration for up to 80 min at the highest dose, compared with vehicle injection (Fig. 7A) . At the lowest dose, bilateral injection of muscimol induced a significant suppression in the number of HPDs for 40 min and a significant decrease in cumulated duration for 20 min after injection, compared with vehicle injection (data not shown). At the highest dose, the number and cumulated duration of HPDs decreased by Ͼ90% during the first 20 min period after injection, compared with the vehicle condition (NaCl, 100%) (Fig. 7A) . It then progressively returned to baseline within 2 h. Moreover, the latency for the reoccurrence of HPDs after drug injection increased significantly at 17.5 or 35 pmol per side in a dosedependent way (Fig. 7B) . At either dose, the interictal activity in the hippocampus or the cortex during the 0 -20 and 20 -40 min periods after injection was not altered, as indicated by the stability of the shape of the LFP amplitude spectrum between preinjection and postinjection periods (supplemental Fig. S1B , available at www. jneurosci.org as supplemental material).
In addition, the suppressive effects were observed only when injections were performed within the PF (Fig. 7 B, D , black dots, tips of injection cannulae). In seven additional animals injected outside the PF (namely, in the superior cerebellar peduncle, ventromedial thalamic nucleus, posterior hypothalamic area, periacqueductal gray, lateral hypothalamic area, deep mesencephalic nucleus, and ventral tegmental area), no significant effects on HPD suppression or reoccurrence latency (15 Ϯ 2 min outside the PF vs 50 Ϯ 6 inside the PF at 35 pmol/side) were observed ( Fig. 7 B, D, open triangles) .
Finally, at the doses used, no behavioral effects were observed. In two mice injected with a higher dose of muscimol (70 pmol/ side), behavioral and motor side effects such as forelimb stereotypies in upright position and rotations were observed, beginning within the first minutes after the injection and lasting for up to 60 min. In this case, LFP recordings were contaminated by movement artifacts.
Bilateral intra-PF injection of picrotoxin induced a significant increase in the number and cumulative duration of HPDs during the first hour after injection at the lowest dose (2.5 pmol/side) (Fig. 7A) . The cumulated durations of HPDs were worsened by 107, 195, and 52% at 20, 40, and 60 min, respectively, compared with vehicle (NaCl, 100%) (Fig. 7A) . The latency for the reoccurrence of HPDs after drug injection significantly increased at 2.5 pmol/side (Fig. 7C) . At this dose, neither behavioral nor motor side effects were observed. At the dose of 5 pmol/side, picrotoxin also induced an aggravation in both the number and cumulated duration of HPDs (35 and 42%, respectively, between 40 and 60 min after injection) lasting up to 60 min. However, at this dose, motor side effects that interfered with the occurrence of HPDs were noticed, but no generalizations of the HPDs by spreading to the cortex were ever observed. In four additional animals injected outside the boundaries of the PF (namely, in the lateral habenular nucleus, ethmoid nucleus, dorsal anterior pretectal nucleus, subcommissural nucleus), no significant effects on HPD suppression or reoccurrence latency (10 Ϯ 2 min outside the PF vs 4 Ϯ 1 inside the PF at 2.5 pmol/side) were observed (Fig. 7C) .
Discussion
We showed here that (1) PF neurons are hyperpolarized during HPDs and fire synchronously just before the end of the HPDs, (2) HFS of this structure interrupts ongoing HPDs, and (3) pharmacological inhibition or activation of the PF neurons respectively suppresses or aggravates HPDs. These data suggest that the PF plays a role in the control of focal hippocampal seizures in MTLE.
Hippocampal neuronal activity during HPDs
This study provides the first description of the intracellular activity of hippocampal neurons during spontaneous HPDs in vivo. Recorded neurons in the CA1 region could be either pyramidal neurons or granule cells. Indeed, very few CA1, CA3, and hilar neurons are still present 2-3 weeks after KA injection, whereas granule cells are dispersed in the dorsal hippocampus (Riban et al., 2002) . However, the interictal firing profile of hippocampal cells closely resembles that observed in vitro in identified pyramidal neurons from a similar mouse model (Le Duigou et al., 2008) . It is also consistent with the "paroxysmal depolarization shift" described in vitro from other animal models and human tissue (Tancredi et al., 1990; Smith et al., 1998; Huberfeld et al., 2008) . The intracellular events underlying the spontaneous occurrence of HPDs are composed of a sustained membrane depolarization on which rhythmic depolarizations crowned by action potentials are superimposed. Although this exacerbated neuronal activity shares some features with that found in vivo in pyramidal cells during cortical seizures, additional investigations will be required to determine the specific synaptic and intrinsic mechanisms underlying the intracellular paroxysmal activity in hippocampal cell (Giaretta et al., 1987; Steriade et al., 1998) .
How are PF neurons influenced during HPDs?
LFP and intracellular recordings in the PF indicate that although PF neurons do not actively initiate HPDs, their activity is drastically modulated by these events. The amplitude of the hyperpolarization of PF neurons during HPDs did not change when the membrane potential was maintained at different levels of polarization by DC injection and could not be reversed in polarity when it was hold at hyperpolarized potential (less than Ϫ80 mV). This may result from a disfacilitation of glutamatergic inputs or from a shunting inhibition of PF neurons originating from the nRT or the SNr, which receives fibers from the hippocampus and targets the distal dendrites of PF neurons (Tsumori et al., 2002) .
The brief suprathreshold depolarization of PF neurons just before the termination of HPDs results from a barrage of depolarizing postsynaptic potentials, possibly amplified by the decrease in the SNr cells activity (Deransart et al., 2003; Paz et al., 2007) . Indeed, suppression of HPDs was observed in MTLE mice after intranigral injection of muscimol (Deransart and Depaulis, 2004) . The reduced activity of inhibitory nigral projections onto PF cells might resume the hyperpolarization of the thalamic neurons and facilitate the dendritic summation and propagation of their excitatory postsynaptic potentials.
Is the PF involved in the interruption of HPDs?
The short change in activity observed in a majority of PF neurons within the last second of HPDs strongly suggests the involvement of this structure in the active termination of seizures. This supports the general concept that subcortical circuits play a role in the modulation of epileptic seizures (Deransart and Depaulis, 2002) . The involvement of the PF in a subcortical circuit modulating seizures is confirmed by the suppression of HPDs observed after HFS or pharmacological manipulations. Because of the small number of structures injected or stimulated outside of the PF in each group, we cannot provide statistical analysis, but it is possible that hippocampal activity after injections or stimulations in the PF may be different from that in outside structures. Data of the midline thalamus and the mediodorsal and reuniens nuclei support this hypothesis suggesting their participation in the initiation and spread of limbic seizures (Cassidy and Gale, 1998; Bertram et al., 2001 Bertram et al., , 2008 .
Our data suggest that HPD suppression follows drug infusions that may hyperpolarize PF neurons (muscimol or CGP40116), whereas they are aggravated by drugs (picrotoxin, NMDA) that likely result in depolarization. However, the local injection of muscimol may also facilitate synchronization of PF neurons and therefore facilitate the regular occurrence of bursts of action potentials (Liu et al., 1992; Cope et al., 2005) . The frequency of such bursts could be critical in HPD suppression, as 130 Hz stimulations were effective but 20 Hz were not. Data dealing with the precise effect of locally applied drugs on the PF cells' activity, and hence on fibers of passage, are missing from the available literature. Further experiments coupling local drug application with intracellular recordings thus remain necessary to precisely understand how our electrophysiological data fit with our stimulation and pharmacological data.
Which circuits mediate the modulatory effects of the PF over HPDs?
No monosynaptic projection from the PF to the hippocampus has been confirmed in recent studies (Wyss et al., 1979; Van der Werf et al., 2002) . Therefore, the increased activity in PF neurons, as well as the suppressive or worsening effects on HPDs, very likely involves the cerebral cortex or subcortical structures as the basal ganglia or the nRT. Our data suggest that the PF exerts a control over the hippocampus via a modulation of cortical synchronization. Indeed, time-frequency analysis of LFPs recordings revealed that synchronous oscillatory activity in the 10 -20 Hz frequency band also increased in the sensorimotor cortex during the last second of HPDs. These data are consistent with the role of the PF in the modulation of many physiological oscillatory activities that could interfere with the pathological synchronous oscillations in the hippocampus (Glenn and Steriade, 1982; Dahl and Winson, 1986; Pavlides et al., 1987; Steriade et al., 1991; Seidenbecher and Pape, 2001; Lacey et al., 2007) . Connections from the PF nucleus to the entorhinal cortex have been described and are likely to be involved in these modulatory effects (Berendse and Groenewegen, 1991) . The fact that HFS of the PF interrupts ongoing HPDs with a greater efficacy when applied ipsilaterally to the injected hippocampus is in agreement with anatomical studies describing projections of the PF as mainly ipsilateral (Vercelli et al., 2003) . However, cross talk between the two PF nuclei through the nRT has also been described (Raos and Bentivoglio, 1993; Kolmac and Mitrofanis, 1997) . This could explain the interruption of HPDs, although less effective, when stimulation was applied on the contralateral side, and why bilateral stimulations were not more efficient to stop HPDs.
The control of the PF over the HPDs might also be mediated through the basal ganglia (McHaffie et al., 2005) . The PF could mediate its antiepileptic effects through its diffuse projections to the striatum and the subthalamic nucleus by impinging on the activity of the SNr, a structure modulating seizures in MTLE mice (Deransart and Depaulis, 2004) . In a genetic model of absence epilepsy, striatal output neurons were shown to be silent during the paroxysmal activities and to exhibit a rebound firing at the end of the ictal discharges (Slaght et al., 2004) . The transient interruption of firing, similar to that of PF neurons in our model, presumably decreases the synaptic inhibition on SNr neurons and modifies the balance between synaptic inhibition and excitation, tending to reinforce the actions of excitatory synaptic inputs arising from the subthalamic nucleus (Kita, 1994) . Whether the transient burst of action potentials observed in the PF at the end of HPD triggers striatal neurons or is triggered by nigral ones will require further electrophysiological studies.
The PF nucleus: a potential therapeutic target for focal seizures? Both drug applications and HFS in the PF reduced the occurrence of HPDs without affecting their LFP pattern, mean duration or background EEG activity and could be obtained without behavioral side effects. This suggests that such manipulations act on the ability of the hippocampus to generate HPDs rather than on changing their EEG characteristics. Our pharmacological data also suggest that the antiepileptic effects of 130 Hz stimulation of the PF are rather associated with neuronal inhibition, in agreement with several studies, although this question still remains debated (Urbano et al., 2002; McIntyre et al., 2004) . However, imposing a frequency that strongly differs from that observed intrinsically during HPDs may also explain the antiepileptic effects observed (Garcia et al., 2005; Hammond et al., 2008) .
We also showed that the modulation of seizures is specific to the PF. It may therefore constitute an interesting target for therapeutic DBS in patients with drug-resistant seizures. This is in agreement with several clinical studies where HFS of the CM/PF reduced and even abolished generalized seizures in patients with Lennox-Gastaut syndrome, an effect thought to be related to the activation of ipsilateral desynchronizing thalamocortical projections (Velasco et al., 2000 (Velasco et al., , 2006 . Our present study thus provides new hypothesis to explain the antiepileptic effects of DBS applied to the CM/PF in human.
Altogether, our data suggest that the PF can influence the generation of seizures in the hippocampus. The synchronized oscillations and the increased firing rate of PF neurons at the end of HPDs require further investigations to understand its role in the termination of seizures.
